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Objectives: Some haemodialysis patients with an arteriovenous ﬁstula (AVF) suffer from chronic hand
ischaemia (haemodialysis access-induced distal ischaemia, HAIDI). This overview discusses pathophys-
iological mechanisms of chronic HAIDI with emphasis on the role of steal and loco-regional hypotension.
Materials and methods: The literature obtained from Medline and Google using various terms including
steal and hand ischaemia was studied for clues on pathophysiology of hand ischaemia in the presence of
an AVF.
Results: Constructing an arteriovenous anastomosis as in a haemodialysis access leads to augmented
blood ﬂows in arm arteries. Due to increased shear stress, these arteries will remodel while hand
perfusion pressures are maintained. However, arteries of some dialysis patients with diabetes mellitus
and/or severe arteriosclerosis demonstrate insufﬁcient remodelling leading to a gradual loss of perfusion
pressures towards the periphery. A blood pressure drop associated with turbulent ﬂow at the arterio-
venous anastomosis intensiﬁes the distal hypotension. By contrast, steal (reversal of blood ﬂow) may
reﬂect an upstream arterial stenosis and patent collaterals but its presence has no pathophysiological
signiﬁcance related to hand ischaemia.
Conclusion: HAIDI is caused by too low forearm and hand blood pressures. Therapy should focus on
attenuating the loss of arterial pressure including optimalisation of inﬂow arteries and/or ligation of the
AVF’s venous side branches. Surgery aimed at access ﬂow reduction or distal revascularisation is only
indicated if these measures fail.
 2011 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.Some 5% of all haemodialysis patients with an arteriovenous
ﬁstula (AVF) receive treatment for chronic digital ischaemia (hae-
modialysis access-induced distal ischaemia, HAIDI) at some point
in their life.1 Symptomatology of chronic HAIDI reﬂects a state of
insufﬁcient hand perfusion leading to pain, coldness and occa-
sionally sores or gangrene (Fig. 1). The incidence of HAIDI will rise
due to the frequent use of autogenous elbow ﬁstulas, a type of
access that is associated with chronic digital ischaemia.2 Expanding
populations of patients with diabetes mellitus (the most important
risk factor for HAIDI) also contribute to a higher incidence of
HAIDI.3
The pathophysiology of hand ischaemia in the presence of
a dialysis access is incompletely understood. Atherosclerosis of the
arm’s arterial tree, recurrent intradialytic hypotension and ongoing
AVF maturation may determine the clinical picture of HAIDI.4 Sometinga).
ciety for Vascular Surgery. Publisheconsider ‘steal’ important in the pathogenesis of digital
ischaemia.5,6 Steal is deﬁned as reversal of blood ﬂow in arteries. In
a dialysis arm, the hand is thought to remain devoid of oxygen-rich
blood due to ﬂow reversal in lower arm arteries. Other studies
indicate that loco-regional hypotension associated with an open
arteriovenous connection is crucial for the onset of HAIDI.7,8 Aim of
the overview is to discuss the role of steal and hypotension in
chronic HAIDI.
Materials and Methods
PubMed and Google were searched using the terms haemo-
dialysis, steal, ischaemia, hand, digital, (loco-regional) hypotension,
AVF, arteriovenous access (AVA), graft, HAIDI, dialysis associated
steal syndrome (DASS), access-related ischaemia (ARI), distal
revascularisation interval ligation (DRIL), proximalisation arterial
inﬂow (PAI) and banding in combinations with the Boolean oper-
ators AND and OR. Moreover, reference lists of articles published
between January 1966 and June 2011 were checked for pertinent
literature. However, a systematic review was not performed. Usingd by Elsevier Ltd. All rights reserved.
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clues on the pathophysiology of hand ischaemia in the presence of
a dialysis ﬁstula. Eventually, data of 48 articles listed in the refer-




Figure 2. An upstream arterial stenosis leads to mean arterial pressures (MAP) that are
lower (e.g. 60%) compared to values observed in its distal portions (80%) due to open
collaterals. The presence of an arteriovenous anastomosis may add to loco-regional
hypotension. Under these circumstances, steal (reversal of ﬂow) may be observed in
a run-off vessel. Numbers are percentages of MAP, 100 reﬂects left ventricular MAP.Pathophysiology of Steal
The vascular term ‘steal’ was introduced in an early 1960s
editorial discussing the article ‘Reversal of blood ﬂow through the
vertebral artery and its effect on cerebral circulation’.9,10 This study
demonstrated that an occluded subclavian artery may cause
downstream hypotension in proximal portions of its side branches
such as the vertebral artery. When blood pressure in distal portions
of this vertebral artery was higher (as collateral ﬂow was unim-
peded), direction of vertebral blood ﬂow reversed. As a conse-
quence, arterial blood was in part directed away from the brain
rather than towards the brain. An accompanying experiment in
dogs found that an occluded subclavian artery also resulted in
a compensatory increased ﬂow in neighbouring open collaterals
such as the internal carotid arteries and the contralateral vertebral
artery. Brain ischaemia only occurred if these compensatory
collateral mechanisms were unable to meet metabolic demands.
The syndrome was named ‘subclavian steal’, a term that suggests
familiarity with the ‘borrowingelending’ phenomenon described
some 15 years earlier.11
A steal phenomenonmay occur if a gradient exists between high
and low arterial pressure systems interconnected by collaterals.
Hydraulic laws dictate that direction of ﬂow in these collaterals is
determined by the difference in mean pressure at the inlet
compared with the outlet. Proper functioning of collaterals typi-
cally results in reversal of ﬂow in that part of the system that is
connected to a low pressure area distal to a stenosis in the artery. In
other words, steal may be observed if two conditions are met, an
upstream arterial stenosis and open collaterals originating from
arterial portions proximal to the stenosis. Steal in the distal artery
in the presence of an AVF is schematically depicted in Fig. 2.
Steal has been demonstrated virtually anywhere in the body
including coeliac, hepatic, spinal and other vascular beds.12 Steal is
one of the body’s measures aimed at maintaining homeostasis and
is beneﬁcial to the host (‘haemometakinesia’).11 A vascular equi-
librium is reset at a different level and steal remains asymptomatic
(‘the steal phenomenon’). However, ischaemic symptoms may
occur in the presence of steal (‘steal syndrome’) if compensatory
collateral ﬂow fails to maintain distal tissue perfusion pressure. As
a consequence, tissue circulationmay fall short resulting in a failure
to meet metabolic demands of distal tissues at certain times.Steal is associated with several other characteristics. For
instance, the occurrence of a steal phenomenon is related to the
phases of the cardiac cycle. Steal is ‘complete’ if observed during
both systole and diastole whereas ‘incomplete steal’ is found by
a systolic retrograde ﬂow only (‘to-and-fro’ ﬂow).13 Moreover, the
intensity of ﬂow reversal downstream a stenosis depends on its
grade. In addition, ﬂow reversal in high-ﬂow systems will occur
more easily in the presence of just minor grades of stenosis.14,15 One
may appreciate that an arm harbouring an AVF is a typical example
of a hyperkinetic system in which, theoretically, ﬂow reversal may
occur.
Steal and Loco-regional Hypotension in AVF Models
The onset of steal has been studied in various models of AVFs. A
steal phenomenon occurred with large (diameter AVF > artery) but
not with small femoral AVFs in dogs.16 One model investigating
pressure characteristics in proximity to the AVF found that arterial
pressure was lowest in the 1-cm portion just distal to the AVF
(‘pressure sink’).17,18 A 100-mmHg arteriovenous difference was
observed between systolic arterial (150 mmHg) and venous
Figure 3. A venous conduit bypassing an elbow ﬁstula in a patient with type 3 HAIDI.
Dialysis remained successful while ischaemic symptoms were greatly attenuated. X,
arteriovenous anastomosis.
M.R. Scheltinga, C.M.A. Bruijninckx / European Journal of Vascular and Endovascular Surgery 43 (2012) 218e223220(50 mmHg) legs of human radiocephalic (RC) AVFs. This pressure
fall was thought due, in part, to severe ﬂuid energy loss associated
with a disturbed ﬂow pattern in the anastomotic area.19 Another
point of interest is the fact that the driving force for net blood
displacement is mainly determined by mean arterial pressures
(MAPs) and not by systolic (or diastolic) values. Actually, systolic
pressure only contributes 30% to MAP. The observation that systolic
ﬁnger pressures (or its ratio to systolic arm pressures) do not
correlate strongly with clinical signs of HAIDI is possibly explained
by the absence of mean arterial values in the equation.
Some investigators succeeded to elicit steal phenomena by
manipulating blood ﬂow as well as grade of stenosis in an artery
feeding the AVF. A stepwise increase in blood ﬂow in the brachial
artery and proximal radial artery resulted in steal in distal portions
of the radial artery. The introduction of an arterial inﬂow stenosis
into themodel resulted in the appearance of a steal phenomenon at
relatively low blood ﬂows.15
Steal and Ischaemia in RC-AVF
An early 1970s article reported for the ﬁrst time that steal
phenomena are routinely observed in a dialysis arm. Angiographic
studies demonstrated reversal of blood ﬂow in portions of the radial
artery distal to a side-to-side anastomosis of an RC-AVF (‘wrist
ﬁstula’) in all patients.20 However, only two individuals experienced
hand ischaemia. Local hypoxia in the presence of a foot and a wrist
AVF was by then already reported although the term ‘steal’ was not
used and ﬂow direction was not determined.21,22 Digital ischaemia
in some of these patients may have been due to thrombosis rather
than symptomatic steal. Several studies have conﬁrmed that steal is
frequently observed following the construction of an RC-AVF. One
report detected a 73.3% postoperative steal phenomenon rate
although ischaemiawas observed in just one patient (6.6%).23 A 77%
incidence of steal was noted on the ﬁrst postoperative day in 30 RC-
AVFs but no one experienced HAIDI.24 A third study in 28 patients
with an end-to-side RC-AVF demonstrated a 100% steal rate
although digital ischaemia was present in just one.25 A fourth study
showed an 88% steal phenomenon rate in 24 RC-AVFs whereas the
steal syndrome rate was again extremely low (4%).26 The avail-
able literature on RC-AVFs demonstrates that steal is usually
(73.3e100%) present but its presence is seldom (<5%) associated
with hand ischaemia. Ischaemic incidence rates in these wrist
ﬁstulas are low because collaterals such as ulnar arteries are usually
open securing distal perfusion. Steal may even be beneﬁcial in RC-
AVFs as it is a reﬂection of open collaterals contributing to access
maturation.
Steal and Ischaemia in Brachiocephalic AVF or Graft
The brachiocephalic (BC)-AVF (‘elbow ﬁstula’) was introduced in
the 1970s as an alternative access option for patients lacking suit-
able lower arm veins.27 This type is celebrated for its longevity but
digital ischaemia occurs more frequently compared with wrist
ﬁstulas or grafts.28 One may question whether steal is more
commonly observed in lower arm vascular beds in the presence of
such an access. One study prospectively determined ﬂow direction
in 18 individuals receiving a BC-AVF. One patient demonstrated
hand ischaemia (5%). However, a steal phenomenon in radial or
ulnar arteries was observed in 33% (n ¼ 6) and 11% (n ¼ 2),
respectively. Conversely, symptomatic digital ischaemia developed
in all six diabetic patients although their forearm arteries all
exhibited a normal ﬂow direction towards the hand.29 Another
study of 11 patients (majority diabetics) with elbow loop grafts did
not once record reversed blood ﬂow as a cause of their severe
digital ischaemia. However, stenotic disease due to atherosclerosiswas implicated since it was abundantly present in all parts of the
arterial tree including digital arteries.30
Analysing blood ﬂow characteristics in HAIDI patients offers an
alternative way of studying the pathophysiological cause of
ischaemia. One study in nine ischaemic patients with a BC-AVF
identiﬁed reversed blood ﬂow only in a very short section of the
brachial artery just distal to the anastomosis. This local steal
phenomenon was due to a very low local systolic blood pressure
(mean of 47 mmHg).7 By contrast, blood ﬂow in the distal lower
arm vasculature was always directed towards the hand. Revascu-
larisation using a bypass and DRIL procedure restored distal blood
pressures and attenuated ischaemia (Fig. 3). A second study found
that construction of an elboweaxillar tube graft caused a steal
syndrome due to extremely low arterial pressures (22 mmHg) just
distal to the elbow anastomosis.31 The literature on BC-AVF, an
access that is associated with digital ischaemia, indicates that hand
ischaemia is not caused by a steal syndrome. Reversal of ﬂow is
incidentally observed in a short stretch of the brachial artery just
distal to the anastomosis, but this phenomenon only reﬂects proper
functioning of open collaterals.
Reduced Loco-regional Arterial Pressure in HAIDI
Two separate mechanisms may cause too low arterial pressures
responsible for the development of HAIDI. The ﬁrst is gradual loss of
blood pressure towards peripheral portions of a diseased inﬂow
artery of the dialysis arm. A properly developing AVF requires
augmented blood ﬂows in the arm’s arterial system. Remodelling of
these arteries will happen as a consequence of increased blood
velocities and chronic shear stress at the bloodevessel wall inter-
face.32,33 Arteries of healthy individuals are sufﬁciently elastic, and
heart and arm arteries are capable of remodelling while perfusion
pressure towards the periphery is maintained. By contrast, diabetic
or atherosclerotic elderly patients on chronic dialysis may have
developed generalized stiffness or even frankly stenosed arm
arteries.34,35 Once an AVF is constructed in these individuals,
a required increase in arterial ﬂow leads to a progressively greater
loss of perfusion pressure towards peripheral portions of the
diseased artery. For better understanding, an analogous situation is
present in patients with leg claudication. During rest, perfusion is
enough for distal tissue oxygenation although the leg artery may
harbour an (asymptomatic) stenosis. By contrast, that same
stenosis becomes symptomatic once a higher ﬂow is required
during exertion leading to a drop in pressure. A recent study in
(mostly) diabetics on chronic haemodialysis demonstrating HAIDI
M.R. Scheltinga, C.M.A. Bruijninckx / European Journal of Vascular and Endovascular Surgery 43 (2012) 218e223 221indeed observed a substantial upper extremity arterial pressure
gradient. Pullback arterial pressure measurements in ischaemic
arms of these individuals harbouring a BC-AVF indicated that
pressures distal to the ﬁstula were on average just 30% of values
observed in axillary arteries.36
The second phenomenon contributing to HAIDI is loss of blood
pressure at the arteriovenous anastomosis. Both models and patient
data have demonstrated that each AVF leads to a substantial pres-
sure fall (some 30e40%) due to a disturbed ﬂow pattern in the
anastomotic area.28,36e38 This loss of perfusion pressure may also in
part be caused by the large compliance of the AVF’s venous outﬂow
tract (compared with arteries). As blood pressure measurements in
an AVF arm are not performed, a non-invasive technique termed
‘ﬁnger photoplethysmography’ is a commonly used technique for
determining distal systolic arterial pressures. Smoothing of a normal
amplitudewaveformdistal to an open AVF is considered reﬂective of
the access’ patency.17 The AVF-induced loss of arterial pressure is
considered reversible as systolic ﬁnger pressures (Pdig, in mmHg;
also expressed as Digital Brachial Index (DBI), normal: 0.8e1.1)
normalise following blocking of the AVF’s venous outﬂow
tract.26,28,38 Normal DBI values are found in individuals not report-
ing digital ischaemia. By contrast, a DBI <0.6 is consistently
observed in patients with HAIDI. Successful corrective surgery
attenuated ischaemia as reﬂected by improved ischaemic scores and
higher DBI.5,39 The concept of distal hypotension as the pivotal
factor in HAIDI is supported by two studies reporting invasive
arterial pressure measurements. Pressures in radial and ulnar
arteries (expressed as a ratio to systemic blood pressures) were very




Figure 4. Mean arterial pressures (MAP) in the arm’s arterial tree. MAP loss towards the peri
elbow ﬁstula (HV þ AVF). Generalized arteriosclerosis (GA) may lead to a substantial MAP
chiocephalic AVF in the presence of generalized arteriosclerosis adds to the loss of MAP, and
upstream stenosis in these patients greatly increases the risk of ischaemia (GA þ stenosis sub
vascular tree may also lead to hand ischaemia (GA þ High ﬂow).Lower Systemic Blood Pressure and HAIDI
Some other issues related to distal ischaemia in the presence of
an AVF need discussing as they may contribute to low distal blood
pressures. First, systemic blood pressure is frequently elevated in
patients with progressive kidney failure. If so, they receive anti-
hypertensive agents as such regimens have been found to atten-
uate cardiac mortality in dialysis populations.40 Prior to the onset of
HAIDI, some patients may therefore have relatively low systemic
blood pressures. The construction of an AVF adds to systemic
hypotension in the postoperative period.16,41,42 It is unknown how
long this systemic hypotension lasts but this effect may contribute
to the phenomenon of acute-onset HAIDI.2
Second, the haemodialysis sessions always cause systemic blood
pressure drops by a variety of mechanisms.43 Once a patient has
commenced a haemodialysis session, a 20-mmHg decrease in
arterial blood pressure is routinely observed in the ﬁrst hour of
dialysis that may persist during the entire 3 or 4 h session.44 The
fact that some patients only experience symptoms of hand
ischaemia during dialysis but not during rest is related to this
intradialytic hypotensive state.
Third, some patients may develop a high ﬂow access
(HFA > 2 l min1) over the years. Excessive AVF ﬂows of up to
10e15 l min1 may have profound consequences for systemic hae-
modynamics. If these ﬂows are left undisturbed, cardiac capacity
may become progressively exhausted and systemic cardiogenic
hypotension may ensue. Banding successfully attenuated ﬂows in
HFA patients both in the short and the long term.38,45 These HFA




phery is negligible in healthy vasculature (HV), even in children or adults harbouring an
loss although the ischaemic threshold may not be crossed. The construction of a bra-
hand ischaemia may occur, particularly in diabetics (GA þ AVF). The development of an
clavian artery þ AVF). High ﬂow developing in an AVF constructed in an atherosclerotic
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illustrated by the advent of severe hypertension requiring multiple
medications following HFA ligation in one patient.46
Consequences for Treatment
Chronic HAIDI is caused by distal hypotension due to a gradient
in perfusion pressure down a diseased arm artery combined with
pressure loss at the arteriovenous anastomosis. The risk for hand
ischaemia increases if a stenosis develops in an upstream (subcla-
vian or axillary) artery (Fig. 4). As the mechanism responsible for
HAIDI is loco-regional hypotension, management should focus on
attenuating the loss of blood pressure in the extremity harbouring
the access.
If the patient’s history suggests HAIDI (coldness, pain and
cramps) and physical examination is consistent with ischaemia
(pallor, trophic lesions and capillary reﬁll > 3 s), a compression test
of the access must be performed. HAIDI is reversible (and amend-
able to therapy) if manual compression of the access’ main venous
outﬂow tract subjectively improves hand perfusionwhereas absent
radial artery pulsations may return. Finger plethysmography may
support the diagnosis (DBI < 0.6, normal > 0.8). An increased DBI
after venous outﬂow compression indicates reversibility of ischa-
emia and predicts success rate of treatment.
Therapy is dictated by the HAIDI classiﬁcation.2,3,47 Type I and IIa
are treated conservatively (warmth application, medication and
hand exercise). Type IIbeIV require evaluation by a team consisting
of a nephrologist, radiologist and vascular surgeon skilled in dial-
ysis surgery. The ﬁrst step is visualisation of the arterial system
using duplex, magnetic resonance or Seldinger angiography. These
techniques may facilitate endovascular optimalisation of the AVF’s
arterial inﬂow or may be used to plan embolisation of signiﬁcant
venous side branches close to the anastomosis.48 If arterial inﬂow
remains suboptimal, any form of (distal) surgery is doomed to fail.
However, if ischaemia persists after arterial inﬂow optimalisation,
a next step is open ligation of major venous side branches (if
present) including the basilic vein. Ligation is facilitated bymarking
these branches using duplex and should be monitored by intra-
operative ﬁnger plethysmography and access ﬂow. Surgery is
indicated if these measures fail. If the access ﬂow is>1e1.2 l min1,
banding of the main venous outﬂow tract (usually cephalic vein or
transposed basilic vein) may offer relief.40 Grade of banding is again
guided by a combination of intra-operativemeasurements of access
ﬂow and plethysmography (DBI> 0.6 or Pdig> 50mmHg). If access
ﬂows are <1.0 l min1, more invasive procedures such as PAI or
DRIL may be valid alternatives.4
Conclusion
Chronic HAIDI is caused by too low forearm and hand blood
pressures due to insufﬁcient remodelling of the arm’s arterial tree
combined with pressure loss at the arteriovenous anastomosis.
Steal does not play a pathophysiological role in HAIDI. Therapy
should focus on attenuating the loss of arterial pressure including
endovascular optimalisation of arterial inﬂow and/or ligation of the
AVF’s venous side branches. If these measures fail, surgery aimed at
access ﬂow reduction or distal revascularisation is indicated.
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